Objectives-Beneficial microbes and probiotics are promising agents for the prevention and treatment of enteric and diarrheal diseases in children; however, little is known about their in vivo mechanisms of action. We used a neonatal mouse model of rotavirus diarrhea to gain insight into how probiotics ameliorate acute gastroenteritis.
overweight pups, respectively. The magnitude of reduction of diarrhea duration correlated with increased enterocyte proliferation and migration. Strain ATCC PTA 6475 reduced diarrhea duration by 1 day in all of the mice without increasing enterocyte proliferation. Both probiotic strains decreased concentrations of proinflammatory cytokines, including macrophage inflammatory protein-1α and interleukin-1β, in all of the animals, and increased rotavirus-specific antibodies in all but the underweight animals. Body weight also influenced the host response to rotavirus, in terms of diarrhea duration, enterocyte turnover, and antibody production.
Conclusions-These data suggest that probiotic enhancement of enterocyte proliferation, villus repopulation, and virus-specific antibodies may contribute to diarrhea resolution, and that nutritional status influences the host response to both beneficial microbes and pathogens.
Keywords epithelial cells; gastroenteritis; immunity; metagenome; mucosal; probiotics Enteric and diarrheal diseases are responsible for occupying 50% of hospital beds in developing countries (1) , for at least 15% of childhood deaths worldwide (2) , and for predisposing children to long-term developmental deficits in immune function, fitness, and cognition (3) . Present global health strategies to address enteric and diarrheal diseases include provision of potable water and sanitation, antimicrobial therapy, and enteric vaccines; however, these interventions are expensive and fraught with technical challenges. For example, in regions of the world where mortality is highest, new rotavirus vaccines are demonstrating < 50% efficacy (4) (5) (6) . New low-cost solutions are needed to reduce the global burden of enteric and diarrheal diseases.
Among the more promising new therapeutic strategies are probiotics, live microorganisms that confer a health benefit on the host by altering the intestinal microbial balance (7, 8) . Multiple randomized, placebo-controlled prospective trials with probiotics report modest benefits in patients with acute gastroenteritis (9) (10) (11) (12) ; however, remarkable probiotic species and strain diversity, along with an insufficient understanding of mechanisms underlying probiosis, prevents selection of optimal therapeutic microbes for infectious diarrhea (13) . Thus, it is unclear whether probiotics are ready for integration into routine clinical practice (14, 15) . Nonetheless, due to the low cost, ease of distribution and administration, and favorable safety profiles, probiotics-based therapies have the potential to play a critical role in comprehensive global health strategies (13) .
Among the most-studied probiotics for acute gastroenteritis is Lactobacillus reuteri, a commensal bacterium found in the lower gastrointestinal tracts of humans and mice (16) . For children hospitalized with acute rotaviral gastroenteritis, L reuteri alone or coadministered with Lactobacillus rhamnosus reduces the duration of illness by 1 day (17, 18) . It is unclear how L reuteri mediates recovery from diarrhea, or whether this effect can be enhanced. Others have shown that immunomodulation could contribute to the resolution of acute rotaviral gastroenteritis by L reuteri in piglets (19) (20) (21) . Furthermore, we recently found that 2 genotypically and phenotypically distinct strains of L reuteri, DSM 17938 and ATCC PTA 6475, known to be safe and effective in treating infantile colic (22, 23) , increase the rate of intestinal epithelial cell turnover and enhance diversity of the intestinal microbiome in uninfected mouse pups (24) . Therefore, we sought to determine whether any of these mechanisms contribute to the resolution of disease by L reuteri strains 17938 and 6475 in a mouse model of acute rotaviral gastroenteritis. We also explored whether these mechanisms of probiosis are relevant to the undernourished host, which suffers a disproportional burden of global enteric and diarrheal diseases of childhood.
Methods

Probiotic Strains and Preparation
Human-derived L reuteri strains DSM 17938 and ATCC PTA 6475 (Biogaia AB, Stockholm, Sweden) were grown daily in anaerobic conditions to stationary phase in deMan, Rogosa, Sharpe medium (Difco Laboratories, Detroit, MI), washed 3 times with sterile phosphate-buffered saline (PBS) to remove media, and diluted to a concentration of 2 × 10 9 cfu/mL in PBS.
Mouse Nutritional States and Rotavirus Infection
Four-day-old CD-1 mice (Charles River Laboratories, Kingston, NY) were pooled and randomly assigned, 10 pups per dam, to the following groups. Malnutrition ("underweight" pups) was induced by separating 5 pups per litter for defined periods (25) , increasing to 12 hours/day at 7 days of life and each day thereafter. "Overweight" mice were the 5 littermates of underweight mice that remained with dams to feed all times. "Normal weight" pups were maintained in litters of 10 without separation. Mice received gastric gavages (50 μL) of probiotics or vehicle daily from days 5 to 14 of life. Rotavirus strain EC WT (1 × 10 3 ID 50 ) or vehicle was given by gavage on day 8, preceding probiotics by 8 hours on that day. Diarrhea, defined as gold-colored stools that were at least twice the normal volume and >50% liquid, was assessed by an observer blinded to treatment group. All of the protocols were approved by the Baylor College of Medicine institutional animal care and use committee.
16S rRNA Sequence-based Survey of the Distal Gut Microbiome
Distal microbial community profiling was performed as previously described (24) . Briefly, genomic DNA was isolated from stool pooled from twenty 11-day-old pups per group, yielding an average of 12.4 mg of stool and 58.9 μg DNA per group. The V1-V3 and V3-V5 regions of the 16S rRNA gene were amplified by high-fidelity polymerase chain reaction and sequenced in the Genome Sequencer FLX platform (Roche/454 Life Sciences, Branford, CT) at the Human Genome Sequencing Center, Houston, TX. A mean of 20,915 reads per sample (average read length 498 nucleotides) were taxonomically binned by RDP Classifier (Ribosomal Database Project, East Lansing, MI) (26) . Species richness, defined as the total number of operational taxonomic units (OTUs), detected in a given sample, Pielou index of community evenness, or the relative abundance of each OTU in the community, and Simpson phylogenetic diversity index, which takes into account both species richness and community evenness, were calculated using the Vegan package of R Statistical Programming (http://www.r-project.org).
Histology and BrdU Immunohistochemistry
For histology, 3 mm of distal ileum was fixed in Trump solution, sectioned at 0.5 μm, and stained with toluidine blue/basic fuchsin. For in vivo labeling studies, 5-bromo-2′-deoxyuridine (BrdU; Sigma-Aldrich, St Louis, MO) was injected intraperitoneally (30mg/kg body weight in 50-μL PBS) (27) during infection on day 8. Intestines harvested between 4 hours and 4 days postinjection were fixed in 10% formalin, sectioned at 3 μm, labeled with rat anti-BrdU (1:200; Accurate Chemical, Westbury, NY), and counter-stained with hematoxylin. In 10 well-oriented crypt-villus units, locations of the most superficial and least-progressed BrdU-labeled enterocytes were recorded as the percent of epithelial cell positions from the crypt-villus boundary (0%) to the villus tip (100%). Proliferation was defined as the percent of crypt cells that had incorporated BrdU within 4hours of BrdU injection. Crypt and villus height were recorded using NIS Elements (Nikon Instruments, Melville, NY). Imaging was performed with an Eclipse 90i microscope (Nikon Instruments).
Ex Vivo Organ Fragment Cultures and Multiplex Assays
Terminal 2 cm of ileum were suspended in individual wells of a 96-well plate with 150 μL of culture medium consisting of Ex-Cell Hybri-Max Medium (SAFC Biosciences, Lenexa, KS) supplemented with 10 mmol/L 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 10% fetal bovine serum, 50 μg/mL gentamicin, and 1% antibiotic/antimycotic (GIBCO, Carlsbad, CA) (28) . Cultures were incubated at 37°C in 95% humidity and 5% CO 2 . After 72 hours, media were removed and stored at −20°C until analysis. Samples were evaluated by enzyme-linked immunosorbent assay for total rotavirus-specific antibody (25) , using plates coated with reactive guinea pig serum and rotavirus SA11-Cl3 with goat anti-mouse Ig (Sigma-Aldrich). Infected mouse serum of known titer was used as a positive control. Samples with OD 450 ≥ 0.100 were considered positive. For multiplex analysis, a subset of samples was screened with Mouse Immunoglobulin Isotyping kits and Mouse Cytokine/ Chemokine-Premixed 22-plex kits (Millipore, Billerica, MA) in a Luminex 100 system (Luminex Corporation, Austin, TX). Analytes at concentrations exceeding the minimum detectable dose were evaluated in all of the samples. Raw data were obtained with MasterPlex CT version 1.2.0.7 and analyzed with MasterPlex QT version 4.1.5.52 (Hitachi MiraiBio, San Francisco, CA).
Statistical Analysis
Diarrhea duration was recorded as whole-integer days; thus, data were reported as median + interquartile range (IQR), and statistical comparisons were made between the 3 treatment groups with Kruskal-Wallis tests. Sample size was estimated to be 35 mice per group, using previously published methods (29) with a minimum effect size of 1 day. Sample sizes for all other experiments were derived from 1-way analysis of variance calculations based upon the null hypothesis that the means of all of the 3 treatment groups are equal, significance levels are 0.05, and with effect sizes based on data from individual pilot experiments. Antibody and cytokine concentrations were reported as mean + standard deviation (SD) and compared by 1-way analysis of variance, with Tukey multiple comparison tests to detect betweengroup differences. Pearson chi square test followed by post-hoc pairwise chi square tests with α adjusted via Bonferroni correction determined differences between percentages of mice with antibodies. For multiplex analyses, α was adjusted using Bonferroni correction for multiple comparisons; only P values < α were considered significant. All of the analyses were performed using GraphPad Prism version 5.01 (GraphPad Software, La Jolla, CA).
Results
Probiotics Attenuated Rotavirus Diarrhea, Histopathology, and Changes in the Intestinal Microbiome
We first sought to determine whether L reuteri modulates disease in rotavirus-infected outbred CD-1 neonatal mice. Daily treatment with either of 2 strains of L reuteri reduced the median duration of diarrhea by 1 day compared with vehicle-treated mice (P < 0.01, Fig.  1A ). In the ileum, where rotavirus pathology is most pronounced (30) , infected mice demonstrated swollen villus tips and large supranuclear enterocyte vacuoles; however, treatment with L reuteri led to less swollen villi with fewer and smaller vacuoles at 4 days postinfection (Fig. 1B) .
Probiotics are thought to function by improving the host's intestinal microbial balance (8) . Thus, we examined distal intestinal microbial community composition before and 24 hours after gavage using 16S metagenomic sequencing (Fig. 1C-G) . Compared with stools from age-matched uninfected pups, rotavirus-infected stools demonstrated decreased species richness and phylogenetic diversity; however, just 24 hours after a single gavage, probiotics increased species richness, community evenness, and phylogenetic diversity by as much as 63%, 40%, and 163%, respectively, compared with vehicle. These differences were observed despite L reuteri representing <1% of OTUs in samples obtained from treated mice. Thus, L reuteri resolved diarrhea, ameliorated histopathology, and replenished intestinal microbiome diversity after rotavirus infection.
Nutritional Status-influenced Probiotic Effects on Diarrhea and the Intestinal Epithelium
Rapid turnover of the intestinal epithelium, a host defense against invasive pathogens (27, 31, 32) , was identified as a potential probiotic effect of L reuteri (24) . We hypothesized that probiotics would fail to resolve diarrhea in undernourished animals, which demonstrate impaired intestinal epithelial cell turnover (33, 34) . Compared with vehicle-treated mice, L reuteri 17938 reduced diarrhea duration in overweight mice by 2 days (P < 0.001) and in normal-weight mice by 1 day (P < 0.001), but failed to reduce disease duration in underweight mice. In contrast, strain 6475 reduced diarrhea duration by 1 day, regardless of nutritional status (P < 0.05; Fig. 2A ). Daily treatment with probiotics did not affect body weight (data not shown).
To determine whether the magnitude of diarrhea reduction by L reuteri 17938 reflects different rates of intestinal epithelial cell turnover, we performed in vivo labeling studies with BrdU. Strain 17938 increased enterocyte proliferation from 43% to 51% in overweight mice (P < 0.05) and from 35% to 42% in normal weight mice (P < 0.05; Fig. 2B ), mirroring increases in crypt height and enterocyte migration (Fig. 2C, Supplemental Fig. 1 
Probiotics Enhanced Intestinal Rotavirus-specific Antibodies and Suppressed Cytokines
In humans and animals, the primary correlate of recovery from rotavirus is virus-specific antibody (35) . To determine whether L reuteri augments this host response, we measured antibody titers in ileum fragment cultures. Both L reuteri strains increased mucosal rotavirus-specific antibodies in overweight and normal weight mice 6 days postinfection, the first day that virus-specific antibodies were detectable (Fig. 3A) . This effect was absent in underweight pups. Others have shown that in rotavirus-infected gnotobiotic piglets, L reuteri increases total small intestinal IgM and IgG (20) . To determine whether L reuteri enhances total antibody production in rotavirus-infected mice, we analyzed intestinal explant cultures with a multiplex liquid bead array platform. Treatment with strain 6475 increased immunoglobulin (Ig)-G1 5-fold in overweight mice (P < 0.05); however, probiotics did not significantly elevate IgA, which makes up the majority of mucosal rotavirus-specific antibody (36), IgM, or IgG2 (Supplemental Fig. 5 , http://links.lww.com/MPG/A99). Thus, probiotic ingestion increased rotavirus-specific antibody production in all but underweight mice.
Proinflammatory cytokines are thought to play a role in rotavirus pathogenesis (37) . To determine whether probiotics modulated mucosal cytokine concentrations, we used multiplex analysis to quantify 11 detectable proteins. Treatment with either strain of L reuteri suppressed multiple proinflammatory cytokines, regardless of nutritional state. Most strongly reduced were macrophage inflammatory protein-1α (Fig. 3B) and interleukin (IL)-1β (Fig. 3C) . Probiotic suppression of IL-7, IL-10, IL-12, and inter-feron-γ were also observed (Supplemental Fig. 6 , http://links.lww.com/MPG/A100), but mucosal quantities of G-CSF, IL-1α, IL-4, IL-9, and RANTES were not affected by probiotics (Supplemental Fig.  7 , http://links.lww.com/MPG/A101). Thus, L reuteri conferred an anti-inflammatory effect on the mucosa that involved multiple cytokines and was independent of host nutritional status.
Nutritional Status-influenced Host Response to Rotavirus
These studies were initiated to gain insights into mechanisms of probiosis and to determine whether probiotic effects in acute gastroenteritis are influenced by the nutritional status of the host; however, our data also reveal that manipulation of body weight (Fig. 4A ) yielded different host responses to rotavirus. Underweight mice had 1 less day of diarrhea than normal-weight or overweight pups (Fig. 4B ), but were unable to produce a detectable rotavirus-specific antibody response (Fig. 4C) . In overweight mice, enterocytes migrated to villus tips more rapidly (Fig. 4D and Supplemental Fig. 8 , http://links.lww.com/MPG/ A103), and crypts contained increased mitotic activity (Fig. 4E) , compared with normal weight and underweight mice. Thus, host nutrition influences physiologic responses to both beneficial microbes and enteric pathogens.
Discussion
Mechanisms underlying probiosis in diarrheal diseases are poorly understood, but could include hastening repopulation of enterocytes in the intestinal epithelium, altering the structure of intestinal microbial communities, and modulating mucosal immunity (24, 38) . To determine whether these mechanisms contribute to attenuation of diarrhea, we administered 1 of 2 strains of L reuteri to rotavirus-infected neonatal mice. Reduction of diarrhea duration by strain DSM 17938 mirrored probiotic enhancement of crypt proliferation and enterocyte migration in mice and depended on body weight. On the other hand, strain ATCC PTA 6475 reduced diarrhea duration by 1 day in all of the 3 nutritional states without affecting enterocyte proliferation. Both probiotic strains increased mucosal virus-specific antibody in overweight and normal weight mice, conferred an antiinflammatory effect on the small bowel, and enhanced the phylogenetic diversity of the intestinal microbiome. Intriguingly, nutritional status influenced the response to probiotics and rotavirus. These findings highlight that probiotic strain and host nutritional status should be carefully considered when selecting therapeutic microbes for clinical use.
With L reuteri 17938, the magnitude of disease reduction mirrored enhancement of enterocyte proliferation. Underweight mice did not respond to this strain in terms of cell proliferation, crypt height, enterocyte migration, or diarrhea duration. Thus, increased epithelial cell turnover could contribute to resolution of diarrhea. Epithelial cell turnover is a defense mechanism against invasive viruses (27) , bacteria (31) , and parasites (32), serving to expel pathogens and infected cells from the epithelium. In uninfected mice, L reuteri 17938 increases both enterocyte migration and proliferation (24) , whereas rotavirus increases enterocyte migration without affecting proliferation (27) . Thus, probiotics and rotavirus both increase intestinal epithelial cell turnover, but likely through different mechanisms. Future studies should identify signaling pathways responsible for the epithelial cell responses to both beneficial microbes and pathogens, and should explore other potential probiotic mechanisms of resolving diarrheal disease, such as accelerating the maturation of enterocytes along the crypt-villus axis (39) .
Two strains of L reuteri differentially modulated diarrhea duration, crypt proliferation, and enterocyte migration, illustrating that genotypic and phenotypic heterogeneity of probiotic species complicates the selection of therapeutic microbes. For example, different lactobacilli induce different gene regulatory networks and signaling pathways in the small bowel mucosa (40) . In our studies, strain 6475 (but not strain 17938) reduced median diarrhea duration by 50% in underweight pups, which lacked mucosal virus-specific antibody and the ability to more rapidly replace villus enterocytes. The enhanced ability of strain 6475 to affect the richness of the gut microbiome raises the possibility that effects on the microbiome may be important markers for disease recovery in undernourished children. An important avenue of future research will be discovery of novel probiotic properties that function in states of nutrient deprivation.
Both probiotic strains strongly suppressed multiple proinflammatory cytokines while elevating mucosal titers of rotavirus-specific antibodies. These immunomodulatory data extend findings from rotavirus-infected gnotobiotic pigs, in which treatment with L reuteri and Lactobacillus acidophilus recruits monocytoid cells to the mucosal compartment (19) , increases nonspecific antibody titers (20) , and enhances rotavirus-mediated Toll-like receptor responses (21) . Furthermore, we found that probiotic treatment strongly suppresses mucosal concentrations of antibodies in uninfected neonatal CD1 mice (unpublished data). Thus, probiotic antibody enhancement could require simultaneous activation of multiple signaling pathways, such as Toll-like receptor activation by rotavirus (41) along with stimulation of NF-κB by L reuteri (42) . Beneficial bacteria may stimulate enterocytes, dendritic cells, or macrophages to produce B-cell stimulatory factors such as APRIL or transforming growth factor-β1 (43, 44) , or may increase the affinity or quantities of the polymeric Ig receptor, which transports IgA from the lamina propria into the intestinal lumen (45, 46) . Whether the modest early increase in rotavirus-specific antibody contributes to amelioration of rotaviral disease by L reuteri is unknown; however, antibodies are not essential for probiotic disease attenuation, given that strain 6475 ameliorated diarrhea in underweight mice without enhancing antibody production. Likewise, cytokine suppression does not appear to play an essential role, given that L reuteri 17938 reduced cytokine levels in underweight mice without attenuating diarrhea.
Rotavirus decreased microbial community richness and phylogenetic diversity in the neonatal mouse intestine, and probiotics restored diversity with a single gavage during the peak of disease. Perturbations of the human intestinal microbiome are speculated to play a role in rotavirus pathogenesis (47) , although it is not known whether microbial population changes contribute to or result from the disease process; however, increased intestinal microbiome diversity appears to be protective against other gastrointestinal diseases (48, 49) . Probiotics may facilitate expansion of other groups of organisms by providing substrates selectively used by commensal bacteria (50), or they may alter the neonatal intestinal niche to promote colonization (or recolonization) by microbes from the environment. Stabilization of the microbiome by L reuteri was observed just 24 hours after treatment, highlighting the vast potential for probiotics to quickly remodel intestinal microbial communities. Interestingly, the magnitude of increased microbial diversity was much greater than recently reported in healthy, uninfected CD-1 mouse pups (24) . It is possible that the effects on host physiology may not be specific to L reuteri, but could be due to an indirect effect of altered quantities or functions of other microbes in the intestine. Future studies could determine whether microbiome changes are equally profound in underweight mice, for which probiotic ingestion had only minimal effects on host physiology.
Nutritional status alone affected diarrhea duration, with underweight mice demonstrating 1 less day of diarrhea than their larger siblings. These data conflict with studies reporting increased severity and duration of rotavirus diarrhea in neonatal mice (51) (52) (53) (54) . Contrasting results could be attributed to the differences in mouse and virus strain, infectious dose, or method of inducing malnutrition. Rotavirus-specific antibody was not detected in underweight pups; further study of this malnutrition model may lend insight into why so many undernourished children in developing countries fail to produce sufficient antibody responses to live oral vaccines (4) (5) (6) . Importantly, however, just as various strains of L reuteri and other commensal-derived probiotics evolved over time to perform specific functions in specific vertebrate hosts (55), these observations should be considered valid only in mice. Additional studies will be needed to determine whether human-derived L reuteri has similar physiologic effects in humans. Nonetheless, underweight mice could serve as a basic model to separate the effects of simple energy deficiency from the complex syndrome of environmental enteropathy (56) .
Together, our findings reveal that probiotics can alter host physiology, microbiome composition, and disease course, and that the effectiveness of probiotics for enteric and diarrheal diseases is dependent on both probiotic strain and host nutritional status. This knowledge will guide future explorations of host-microbial interactions and seek to uncover new mechanisms of pathogenesis and probiosis for enteric and diarrheal diseases, even in undernourished hosts.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Resolution of diarrhea, increased crypt cell proliferation, and enhanced enterocyte migration by either strain depended on nutritional status. A, Duration of diarrhea in underweight, normal weight, or overweight rotavirus (RV)-infected mice receiving daily gavages of L reuteri (strains 17938 or 6475) or phosphate-buffered saline (PBS) (n = 35 mice per group; median + interquartile range). B, Crypt cell proliferation in ileum harvested 4 hours after RV infection and BrdU injection (n = 15 mice per group; mean + SD). ***P < 0.001 and *P < 0.05 compared to PBS-treated mice; ## P <0.01, and # P < 0.05 between strains. L reuteri modulated mucosal concentrations of antibodies and cytokines from ex vivo ileum cultures of rotavirus (RV)-infected mice. A, Total RV-specific antibody; B, macrophage inflammatory protein (MIP)-1α; C, interleukin (IL)-1β. Percentages indicate mice that had values above the lower limit of detection (n = 13-15 mice per group; mean + standard deviation). ***P < 0.001, **P < 0.01, and *P < 0.05 compared to phosphate-buffered saline-treated mice; see also Supplemental Figs. 5-7. Host response to rotavirus (RV) was dependent on nutritional state. A, Mean body weights of underweight mice were significantly lower than other groups starting on the third day of the experiment, and mean body weights of overweight mice were significantly different from normal weight mice starting on the fifth day of the experiment (n = 20 mice per group; mean ± standard deviation [SD]). B, Significant differences were observed between nutritional states with respect to diarrhea duration (n = 35 mice per group; median + interquartile range); C, total RV-specific antibody production (n = 15 mice per group; mean); D, enterocyte migration (n = 7 mice per group; mean ± SD); E, crypt-cell proliferation (n = 15 mice per group; mean + SD). Only RV-infected, phosphate-buffered saline-treated mice were considered in these analyses. For B-E, ***P < 0.001 and *P < 0.05 compared with underweight mice; ### P < 0.001, ## P < 0.01, and # P < 0.05 between normal-weight and overweight mice.
